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This study explores the use of block copolymer self-assembly to organize Lsma, a protein which forms
stable doughnut-shaped heptameric structures. Here, we have explored the idea that 2-D crystalline
arrays of protein filaments can be prepared by stacking doughnut shaped Lsma protein into the
poly(ethylene oxide) blocks of a hexagonal microphase-separated polystyrene-b-polyethylene oxide (PS-
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Introduction

Engineering of arrays at the nanometer scale has revolutio-
nized the semiconductor industry for computing and energy
applications."”” Block copolymer self-assembly and other
bottom up surface patterning techniques are areas being
explored to produce smaller features,® more densely packed,
over a larger area® and at low cost. Ordered block copolymer
films have been used for pattern transfer through etching or
evaporation® and have also been explored as a template for
directed nanoparticle assembly® and for biomolecule pattern-
ing on top of”® or within.*”*'* Peptides or proteins have
also been used as one block of block copolymers and
shown to self-assemble into ordered structures.">™*° Bio-
molecules are generally believed to be good candidates for
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possibility of assembling nanoscale optical, magnetic and electronic structures.

nanotechnology due to their versatility, small size and
precise control over self-assembly. In the context of block copo-
lymers, incorporation of biomolecules heralds a new domain
of novel functional materials. DNA origami pioneered the field
of using the inherent recognition and folding of biomolecules
as building blocks in complex assemblies.”’”>* Proteins exist
with an enormous structural and chemical versatility and lend
themselves better to be functionalized with different moieties
than DNA.>* The ability to rationally engineer proteins enables
the use of proteins as carefully designed nanometer sized
building blocks.** The main challenge facing the field of
protein nanotechnology is the ability to control protein-
protein interactions to build up higher order structures, and in
particular to order these structures. Previous work on creating
protein assemblies has been largely centered around amyloid
fibers>>>° but has recently also involved native protein
structures®* > with ring shaped proteins emerging as a com-
monly used self-assembling feature.>*” Recent work has
established methods to post functionalize assembled struc-
tures,*®*? an important step towards applications based on
protein nanostructures.

There is intense interest in “one-dimensional nano-
structures”. Controlled patterning and alignment of nano-
structures is critical for both the study of the properties of
such structures and the incorporation into devices. By using
block copolymers to template proteins, we aim to develop
methods for the creation of spatially well-defined patterns of
protein structures, with scope for post functionalization
leading to structures of a size range not otherwise accessible

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 |llustration of the sample preparation process. Lsma (top
left) is mixed with PS-b-PEO (top right) and spin coated into thin films
with the protein sequestered into the PEO domains.

through block copolymers alone. We seek here to harness the
unique features of a protein, Lsma from Methanobacterium
thermoautotrophicum, which was selected for its thermostabi-
lity and ability to self-assemble into a heptameric ring.*>*" Pro-
teins like Lsma and peroxiredoxin®® self-assemble into robust
doughnuts whose pore size can be tuned specifically to encap-
sulate metal complexes or nanoparticles®” and then assemble
further into tunnels to create magnetic, electrical or optical
nanorods. Accordingly, we have explored the possibility of
using self-assembled block copolymers as scaffolds to create
regular arrays of such doughnut tunnels. Poly(styrene-block-
ethylene oxide) (PS-b-PEO, M,, x 10° 18.0-b-7.5) is used in this
study and forms solvent-induced ordered films of hexagonally
packed vertical cylinders of PEO, into which we aim to assem-
ble the protein (Scheme 1). This polymer has not only been
shown to be very robust in forming the desired phase,** but
has also been used previously for co-assembly with both pep-
tides'' and protein-polymer conjugates such as ferritin® and
myoglobin.'" For the protein used in this study unambiguous
characterisation of these structures is difficult; however in this
work we provide extensive AFM and TEM imaging which
confirm the successful incorporation of the protein into the
PEO blocks and thus constitute a highly ordered and functio-
nalisable matrix with potential downstream applications in
advanced materials.

Results and discussion

To form hexagonally ordered domains of PEO in PS matrix
with an orientation normal to the surface, a neutral solvent is

This journal is © The Royal Society of Chemistry 2015
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required. After spin coating of the polymer into thin films,
annealing (solvent vapor*®** or elevated temperature®) is
needed to achieve ordered structures. A significant body of
work on suitable solvents for PS-h-PEO*****%™%9 exists and
benzene,”*™* toluene,*®*® dimethylformamide® and tetra-
hydrofuran?” have all been successfully used to produce thin
films of PS-b-PEO in the hexagonal cylindrical phase. Solvent
annealing has proved very successful for the creation of long
range ordered films of PS-h-PEO, where the water content in
the solvent vapor (toluene or benzene), plays a critical role for
the phase formed.***°">> We used benzene as the base solvent
for this study, as we found superior ordering of the films
under conditions used to co-solubilize the protein and the
polymer. The mixed solvent system, however, did result in
some sensitivity to substrate surface chemistry, with gold pro-
ducing well-ordered films of PS-b-PEO, but with the more
hydrophilic glass or silicon wafer generating samples with
defects (data not shown).

In order to solubilize the Lsma protein in the spincoating
polymer mixture, the protein was PEGylated. The PEG-chains
serve to provide a hydrophilic shell around the protein, which
captures water and protects the protein in the benzene spin-
coating mixture (for details see ESI Fig. S1T). The PEGylated
protein was subsequently dialysed to water and freeze-dried
before co-dissolving with the block copolymer. In order to
protect the protein from denaturation, we followed the work by
Presley et al,'" who demonstrated the success of a mixed
solvent system incorporating water, methanol and benzene.
Using a similar protocol, a small amount of methanol/water
mix was first added to the dry protein, followed by more
methanol and finally the PS-b-PEO (1% in benzene), resulting
in a completely clear solution (solvent composition 71.7%
benzene, 26.9% methanol and 1.4% water, denoted control
solvent). The final protein concentration in the solution was
~0.5 mg ml~", which corresponds to a much higher protein
concentration (>100 mg ml™") inside the PEO domains after
the film is prepared. Importantly, the PEGylated protein was
very robust in this mixed solvent, even in the absence of pro-
tection from the amphiphilic block copolymer, as evident by
TEM of structurally intact protein rings deposited on a grid
from the mixed solvent (Fig. 1). Fig. 1 clearly also illustrates a
propensity for the protein to aggregate into higher order struc-
tures under these conditions. Stacks, chains and disordered
aggregates were observed, all with structurally intact rings.
This is likely to be an effect of the solvent and the location of
the PEG chains (lysine residues, to which the PEG chains are
attached, are not present at the subunit or protein/protein
interfaces) along with the natural propensity for Lsma to
stack.”

The polymer was spin coated into thin films on gold coated
substrates with a thickness of 25 nm (measured by ellipso-
metry, data not shown) and annealed in water and benzene
vapor to create vertically aligned hexagonally packed cylinders.
The initial annealing with only water present served to ensure
swelling of the PEO domains with water vapor to protect the
protein. The same solvent mix and annealing conditions were
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